The optical properties and the molecular orientation in thin films of 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) and N, N -dimethyl-3,4,9,10-perylenetetracarboxylic diimide (DiMePTCDI) were studied by means of variable angle spectroscopic ellipsometry (VASE), atomic force microscopy (AFM), near edge x-ray absorption fine structure (NEXAFS) spectroscopy, and infrared (IR) and Raman spectroscopy. VASE reveals that both kinds of film exhibit a strong optical anisotropy. For PTCDA, the optical constants are found to have much higher values in the substrate plane than perpendicular to it. While the anisotropy measured in the substrate plane on passivated GaAs(100) is very small for PTCDA a giant anisotropy is observed for DiMePTCDI. This difference in the optical properties is attributed to the different orientation of molecules in the thin organic films. While the PTCDA molecules lie flat on the substrate with their molecular plane parallel to the substrate surface, the DiMePTCDI molecules are tilted with respect to the substrate surface and are predominantly oriented with their long axis parallel to the [011] direction of the substrate as confirmed by VASE, NEXAFS, and Raman and IR results.
Introduction
Perylene derivatives are commercially available red pigments with electrical and optical properties that allow them to be compared to conventional inorganic wide band gap semiconductors. Table 1 . Unit cell parameters for PTCDA and DiMePTCDI. The angle ϕ u describes the angle between the long molecular axis and the b direction of the unit cell (see figure 13 ). a From [1] . b From [4] .
The asymmetry in the structure of molecular crystals and thin films gives rise to anisotropic physical properties. In 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) films, for instance, the conductivity is extremely anisotropic, with the in-plane conductivity being lower by at least six orders of magnitude compared to that perpendicular to the plane [1] . Zang et al [2] and Friedrich et al [3] demonstrated the anisotropic optical properties of thin PTCDA films and the pronounced differences for in-and out-of-plane optical constants. The electronic and optical characteristics of individual molecules are dominated by their structure which can be modified by molecular tailoring. The colour of these materials in the solid state is additionally influenced by the crystalline structure. Hädicke et al [4] [5] [6] reported the solidstate effect of crystallochromy for N, N -substituted-3,4,9,10-perylenetetracarboxylic diimide (R-PTCDI) with different peripheral R-groups such as methyl or butyl. The absorption spectra corresponding to π-π * transitions of R-PTCDI in the crystalline state shift depending on the electronic interaction between the close-packed perylene planes. The interaction can be varied by different steric effects of the substituted R-groups.
Amongst the perylene derivatives PTCDA is considered to be an archetype molecule. PTCDA has a planar rectangular geometry consisting of a perylene core terminated by oxygen atoms in the dianhydride form as can be seen in figure 1. Considering thin film growth of these molecules several groups found two polymorphs called α and β [7, 8] . Both crystallize in the space group P2 1 /c but have different lattice constants as summarized in table 1. The unit cell contains two molecules which are arranged in a herringbone packing with the molecular planes parallel to the (102) lattice plane. In the α modification the overlap between molecules in adjacent (102) crystalline planes is reduced by shifting along the short unit cell axis, while the reduction for the β phase occurs via shifting along the long axis. On clean InAs(001) substrates the first monolayer PTCDA interacts strongly with the substrate and two-dimensional overlayers are formed [9] . For larger coverages a phase transition occurs where bulk-like three-dimensional PTCDA clusters begin to form. The strong interaction between PTCDA and semiconductor surfaces is considerably reduced by a passivation of the surface prior to the growth of the organic film [10, 11] . Indeed, improved crystallinity is observed for depositions on sulfur passivated GaAs(100) [12, 13] .
N,N -dimethyl-3,4,9,10-perylenetetracarboxylic diimide (DiMePTCDI) has a planar perylene core with four carboxylic and two imide groups terminated by two three-dimensional CH 3 groups as sketched in figure 1. DiMePTCDI crystallizes in the same monoclinic structure as PTCDA. The unit cell parameters are given in table 1.
Various tilt angles for the molecular orientation are reported in the literature dependent on the substrate used. In thick films (300 nm) of DiMePTCDI grown on glass substrates most of the molecules are parallel to the substrate, some of them being tilted with a Gaussian distribution with FWHM of 22
• [14] . Similarly it was found that the molecules on KCl(100) substrates lie close to parallel with the substrate plane [15] . A large tilt (θ = 90
• ) was observed by means of LEED and STM for monolayer films of DiMePTCDI on Ag(110) substrates [16] where a pronounced in-plane optical anisotropy was also detected [17] . Even on the same substrate, e.g. Ag(110), various orientations can coexist [18] .
In this work the optical properties of thin PTCDA and DiMePTCDI films are investigated by variable angle spectroscopic ellipsometry (VASE). Furthermore, the orientation of DiMePTCDI molecules on passivated GaAs(100) surfaces is investigated by atomic force microscopy (AFM), near edge x-ray absorption fine structure (NEXAFS) spectroscopy, as well as Raman and IR spectroscopy and compared to the orientation of the archetype molecule PTCDA.
Experimental details
Samples were prepared under ultrahigh vacuum (UHV) conditions on passivated GaAs(100) and for comparison on Si(111) surfaces. The chalcogen passivation of GaAs(100) was achieved using two different procedures. Both procedures result in chalcogen passivated surfaces having almost identical chemical, electronic, and structural properties [19] . In the first procedure Ascapped GaAs(100) homoepitaxial layers with a thickness of 2 µm served as substrates. These substrates (n ≈ 10 18 cm −3 ) were cleaned by annealing at 380
• C for 15 min under UHV conditions resulting in a c(4 × 4) surface reconstruction. Thereafter Se was deposited at 340
• C by thermal decomposition of SnSe 2 followed by an annealing process at 400 • C. A (2 × 1) Se-terminated GaAs surface was then detected by means of LEED. In the second procedure the substrates (Freiberger compound GmbH, Te doped, n = 2 × 10 17 cm −3 ) were degreased by ultrasonic baths in acetone, ethanol, and de-ionized water. S passivation was performed by etching in a diluted solution of S 2 Cl 2 and CCl 4 (1:3), followed by rinsing in CCl 4 , acetone, ethanol, and de-ionized water for 5 s each. Immediately after the chemical treatment the samples were transferred into the UHV chamber and annealed at 430
• C. This results in the formation of Ga 2 S 3 -like layer terminated by single S atoms [20] . For comparison some PTCDA films are deposited on hydrogen passivated Si(111). The p-type silicon substrates were cleaned and hydrogen passivated by etching for 2 min in HF(40%). After etching the Si substrates were immediately transferred into the UHV chamber. The base pressure of the UHV system was in all cases approximately 2 × 10 −8 Pa. Onto these surfaces PTCDA and DiMePTCDI were deposited at room temperature by thermal evaporation of pre-purified material. The deposition rate was about 0.3 nm min −1 for PTCDA and 0.2 nm min −1 for DiMePTCDI. The PTCDA and DiMePTCDI source materials were purchased from Lancaster synthesis and Syntec GmbH, respectively. Both were twice purified by sublimation at 595 and 575 K, respectively, under high vacuum (∼10 −4 Pa).
Spectroscopic ellipsometry measurements were performed using a variable angle spectroscopic ellipsometer (VASE from J A Woollam Co., Inc.) equipped with an autoretarder and a Xe-lamp source. The ellipsometric angles and were determined in the spectral range from 0.7 to 5 eV at different angles of incidence and by rotating the thin film samples around the substrate normal, the angle of azimuthal rotation being denoted as γ . The diameter of the light spot on the sample was ∼4.5 mm for the incidence angles used. The ellipsometric angles are related to the complex ratio of the reflection coefficients ρ by the formula ρ = r p /r s = tan( )e i . Here, r p and r s are the reflection coefficients of the amplitude of the electric field vector polarized parallel and perpendicular to the plane of incidence, respectively [21] .
AFM [22] images were obtained with a commercial microscope (Nanotec Electronica S.L., Spain) equipped with Olympus-type cantilevers having 15 nm nominal radius, a spring constant of 1 N m −1 , and a resonance frequency of 78 kHz. AFM images were recorded in non-contact tapping mode using the conditions described in detail elsewhere [23] . Typically, the microscope was operated in ambient conditions at rather low relative humidity of 30%.
NEXAFS spectroscopy was performed at the PM1 and RGBL beamlines of the synchrotron light source BESSYII for the PTCDA and DiMePTCDI samples, respectively. The data were recorded in total yield mode and the light incidence angle α i was varied between normal and near grazing incidence, i.e. between 0
• and 70
• (see figure 5 ). Spectra of a 100 nm thick Ag film were taken for normalization purposes.
The IR spectra were recorded using a Fourier transform infrared (FTIR) spectrometer Bruker IFS 66. Reflectance measurements with p and s polarized light at the extreme angles of incidence α i (20 • and 60
• ) were performed in the spectral range from 700 to 2000 cm
and rotating the GaAs(100) substrate stepwise by an angle γ around its normal. The spectral resolution was better than 2 cm −1 and the size of the IR beam focused on the sample varied between 2 and 4 mm as a function of the incidence angle.
Raman measurements were performed with a Dilor XY 800 triple monochromator spectrometer equipped with a CCD detector. As the excitation energy the 2.54 eV (488 nm) emission line of an Ar + laser was chosen which is resonant with the first main absorption band of both molecules. The films were measured in a backscattering geometry with a spectral resolution of 2.5 cm −1 . The incident beam having a power of 30 mW was focused onto a spot of ∼300 µm in diameter.
Results and discussion

Spectroscopic ellipsometry
From ellipsometric measurements the components of the refractive index and extinction coefficient in different directions with respect to the substrate and their dependence on energy, the film thickness and surface roughness are determined. The estimation of the optical constants for PTCDA and DiMePTCDI films is needed for the subsequent evaluation of IR spectra.
In figure 2 Im ε as presented in figure 2 shows large differences for measurements taken at the same angle of incidence, but with different azimuthal orientations of the sample. Interference induced features below 2 eV can be seen for the [011] direction, but not for the [011] direction. The strongest feature seen in the case of the [011] azimuth at 1.8 eV is attributed to interference since the onset of optical absorption is above 2 eV as can be seen in figure 3 . DiMePTCDI is strongly absorbing between 2 and 3 eV. In Im ε interference induced features are much more pronounced than absorption features. The strong feature at 3.2 eV (the E 1 gap of GaAs) measured for the [011] azimuth showing a derivative-like shape for 65
• incidence angle and negative values for the Im ε is also induced by interference. These results clearly indicate a very strong in-plane optical anisotropy for DiMePTCDI films.
On the other hand, the anisotropy in the plane parallel to the substrate is very small for PTCDA on GaAs(100) [24] . The imaginary parts of the effective dielectric function for the [011] and [011] directions differ only slightly. On H passivated Si(111) the absence of an azimuthal dependence indicates in-plane isotropy.
For the extraction of the complex refractive index components the ellipsometry data were evaluated describing each sample by a layer model: substrate/optically anisotropic thin film/surface roughness. For the substrates tabulated database values for the optical constants were used [25] . The low in-plane anisotropy of PTCDA on GaAs was neglected since it lies within the error limit of the following evaluation procedure. Consequently, the thin PTCDA films are modelled as being optically uniaxial and isotropic in the substrate plane.
In addition, film thickness and anisotropic optical constants are determined using a multiple-sample analysis procedure [3] . For this purpose sets of three PTCDA layers with different thicknesses were prepared under the same growth conditions but with different growth times on GaAs and on Si substrates. During the fit procedure the VASE data of all three samples on the same kind of substrate are calculated simultaneously with the optical constants of all the layers being coupled and so varied in the same way.
In contrast to the case for PTCDA, for DiMePTCDI layers on GaAs the observed strong inplane anisotropy has to be considered additionally. Therefore, a model capable of describing an optically biaxial layer was applied. For the calculations three data sets measured in anisotropic mode at different azimuthal orientation of the same DiMePTCDI sample were coupled and so fitted together [3] .
In a first step the transparent spectral range was chosen for the determination of film thickness and surface roughness. Simultaneously, the thicknesses and values for the refractive index components with respect to the Cartesian axes in the substrate plane and normal to it are calculated. In the absorption free low energy range the wavelength dependence of each refractive index was described by a Cauchy dispersion formula: n = A n + B n /λ 2 + C n /λ 4 , where A n , B n , and C n are the Cauchy parameters and λ is the wavelength of light.
In addition to film thickness and surface roughness as well as Cauchy parameters for each refractive index, the procedure yields the orientation of optical axes for the biaxial DiMePTCDI film.
The next step of analysis is the determination of complex optical constants in the remaining spectral range. Therefore, the thickness and surface roughness of the films were fixed and starting from the lower energy side a point-to-point fit was carried out resulting in parameter sets of optical constants in each direction.
In a last step a model was built describing the optical constants of the DiMePTCDI film by a set of Gaussian functions, again keeping the thickness and surface roughness constant. Figure 3 shows the complex refractive indices for PTCDA parallel (ip) and perpendicular (oop) to the substrate plane as a function of energy for the Si and GaAs sample sets.
The thickness and surface roughness for the films on silicon are determined as 212.8 nm/7.9 nm, 80.6 nm/8.0 nm, and 25.5 nm/1.9 nm. The thickness and roughness on GaAs are 77.3 nm/2.2 nm, 28.1 nm/0 nm, and 14.6 nm/ 2.8 nm.
To evaluate the reliability of the results the 90% confidence limits for the optical constants on PTCDA were determined. The 90% confidence limits of the four constants lie between 0.005 and 0.02 in the transparent range and around 0.04 in the spectral range above 1.9 eV.
Comparing the data sets for PTCDA on GaAs and Si, respectively, the line shapes are similar, but lower values for the refractive index for PTCDA on GaAs, especially for the inplane component, are evident indicating a difference in microstructure and density, with the data for PTCDA on Si being more characteristic for 'bulk' PTCDA. The lower values of the refractive index for PTCDA on GaAs are in agreement with the island-like structure observed for thinner films. As for the refractive index, the extinction coefficient for PTCDA on Si is larger than for PTCDA on GaAs. Furthermore, the in-plane extinction coefficients are much larger than the out-of-plane ones.
The extinction coefficient k in the substrate plane shows a double feature with a smaller sharp peak at 2.25 eV (535 nm), a broader main peak at 2.63 eV (478 nm), and a weaker feature at 3.38 eV (370 nm). These features are assigned to the transitions S0-S1 (HOMO-LUMO), S0-S1 with vibronic progression [26] , and S0-S2 (the next highest dipole allowed transition) [27] .
The optical constants obtained from a 120 nm thick DiMePTCDI film on S-GaAs(100) are likewise displayed in figure 3. For the refractive index the highest anisotropy is detected for the two distinct directions in the sample plane. The out-of-plane index value in the low energy range lies in between. In the near IR region at 0.7 eV values for the refractive index of 2.11 and 1.62 are determined for in-plane components and 1.78 for the out-of-plane component. These values are relevant for the subsequent analysis of IR spectra.
The larger extinction coefficient k in the substrate plane shows a sharp double feature at 2.19 eV and a broader main peak at 2.6 eV, and weak features above 3 eV. These features are assigned to the transitions S0-S1 (HOMO-LUMO) and S0-S1 with vibronic progression in analogy with the case for PTCDA. The extinction coefficient obtained from a 50 nm thick isotropic film on quartz is likewise displayed in figure 3 . This sample which is isotropic due to a random orientation of molecules only exhibits two peaks. This might be a hint that the first peak of the anisotropic sample at 2 eV is an artefact caused by interference. Figure 2 (This figure is in colour only in the electronic version) this interpretation. However, further measurements using samples with different thicknesses are required to clarify the origin of this feature.
AFM investigations
Deposition of PTCDA on S passivated GaAs(100) at room temperature leads to PTCDA aggregates with an average diameter of 100 nm. Figure 4 (a) shows a topographic AFM picture (1 µm × 1 µm) taken from a 30 nm thick PTCDA film. X-ray diffraction investigations performed on these samples revealed only one diffraction peak corresponding to the (102) plane of the PTCDA crystal indicating a predominant orientation of these plane parallel to the substrate surface. In the case of DiMePTCDI on S passivated GaAs(100), deposition at room temperature leads to the formation of ribbon-like crystals. In figure 4(b) a topographic AFM picture (1 µm × 1 µm) corresponding to a nominal coverage of 20 nm is shown. The crystals in the image are aligned with the edges of the cleaved substrate. Their morphology supports the strong optical in-plane anisotropy of DiMePTCDI films derived from VASE.
NEXAFS
In NEXAFS spectroscopy, absorption of the tunable synchrotron radiation takes place by exciting electrons from core shells into unoccupied states. Considering π * unoccupied states in perylene derivatives, maximum intensity is expected when the electric field vector of the synchrotron light is polarized perpendicular to the molecular plane [28] .
In figure 5 the dashed arrow indicates the direction of transition dipoles involved in an excitation from the 1s core level to the π * states. The absorption intensity can be expressed as a function of the angle between the electric field vector and the direction of the dipole transition. More accurately, the intensity is proportional to cos 2 (θ + α i − 90
• ) where θ is the tilt angle of the molecular plane and α i is the angle of incidence. Figure 6 (a) presents selected C 1s NEXAFS spectra of a 20 nm thick PTCDA film grown on S-GaAs(100) for three different angles of incidence. The lower photon energy features near 280 eV correspond to π * states. Here, π * resonances are negligible for an incidence angle of 0
• (perpendicular to the sample surface) and increase showing maximum intensity for large angles of incidence (70
• ). The increase in intensity of the π * resonances with increasing angle of incidence together with additional data for the oxygen edge provide clear evidence for the parallel orientation of the molecular plane with respect to the substrate surface [29] . The evolution of DiMePTCDI NEXAFS spectra as a function of the angle of incidence is shown in figure 6 (b) for a 10 nm thick film on S-GaAs(100). All the spectra were normalized with respect to the intensity at 315 eV photon energy. For background subtraction, the NEXAFS spectrum of a bare S-GaAs(100) sample was employed. The σ * resonances (near 300 eV photon energy) are clearly distinguished form the π * ones (below 287 eV) due to their asymmetric line shape [28] . An increase in the intensity of the π * resonances is observed with increasing incidence angle; σ * resonances, however, show an opposite trend. The tilt angle of the molecular plane θ , and the projection χ of the long axis of the molecular plane onto the substrate can be obtained from a simulation of the experimental intensities. The intensity ratio for the bands related to π * resonances is presented in figure 7 (symbols) as a function of the incidence angle for two azimuthal directions of the sample: when the plane of incidence contains the [011] ( figure 7(a) ) and [011] ( figure 7(b) ) directions of the S-GaAs(100) substrate. The simulation is performed using a model that assumes the same orientation for all molecules, and the relationship between the NEXAFS intensity and the angles describing the molecular orientation is obtained following the algorithm proposed in [28] . The best fits to the experimental data are also presented in figure 7 . An average tilt angle of θ = 56
• ± 5
• of the molecular plane is obtained while for the in-plane projection an angle of χ = −7
• ± 3
• with respect to the [011] axis of the GaAs substrate is evaluated. The orientation of DiMePTCDI molecules on S-GaAs(100) will now be further evaluated by considering IR and Raman spectroscopy results.
Assignment of vibrational properties
For quantitative analysis of the polarized response recorded in IR and Raman spectroscopies the knowledge of the vibrational mode character and their symmetry is essential.
In order to make an assignment of Raman and IR features to vibrational modes we have carried out density functional calculations in the Gaussian'98 package [30] at the B3LYP level of theory using the standard 3-21G basis set.
The point symmetry group of the PTCDA molecule is D 2h . PTCDA has 38 atoms and hence exhibits 108 internal modes. Those that are symmetric with respect to the centre of inversion (labelled with g) are usually Raman active and those that are anti-symmetric (labelled with u) show IR activity. The representation of the internal modes is PTCDA = 19A g + 18B 1g + 10B 2g + 7B 3g + 10B 1u + 18B 2u + 18B 3u + 8A u . DiMePTCDI consists of 46 atoms, the point symmetry group of the molecule being C 2h or C 2v , for the geometry with an inversion centre and that without, respectively.
There are 132 internal molecular vibrational modes. In the case of C 2h symmetry, 66 of them are Raman active (44A g + 22B g ) and 66 are IR active (23A u + 43B u ). For the C 2h symmetry, there are 44A g + 22B g + 23A u + 43B u irreducible representations, with the corresponding vibrational modes being either Raman or IR active. Due to the similarity in the calculated frequencies of modes for the two point groups the geometry with C 2h symmetry will be considered for ease of comparison with PTCDA.
Infrared spectroscopy
A comparison between calculated IR modes of PTCDA and DiMePTCDI for a single molecule and measured ones and their assignments are given in table 2. In this IR section the molecular coordinates displayed in figure 1 are presented for simplification without indices: x m = x, y m = y, and z m = z.
IR measurements on PTCDA/S-GaAs(100) samples reveal isotropy in the substrate plane. The ratio of the in-plane molecular modes with respect to the out-of-plane ones is similar to that observed for PTCDA/Si(111). Quantitative analysis of this ratio reveals that the molecular planes of the PTCDA molecules form an average angle of ∼9
• with respect to the Si(111) substrate plane [31] .
The results of IR measurements for 120 nm DiMePTCDI on S-GaAs(100) are given in figures 8 and 9. Figure 8 shows the IR reflectance spectra measured in s polarization at 20
• From the spectra in figure 8 we can derive that the DiMePTCDI molecules are preferentially arranged with their x axis in the [011] direction, the direction of the electric field vector, while measuring in s polarization when the [011] direction lies in the plane of incidence. The measurements at 60
• angle of incidence for s polarized light (not shown) are similar to those in figure 8 and confirm the in-plane anisotropy.
Additional information about the vibrational modes in the [100] direction can be extracted from the 60
• measurements using p polarized light. The spectra are presented in figure 9 . The electric field vector lies in the incidence plane. For the measurement in the [011] direction (thick curve) we see as expected the x features pointing up and additional y and z features pointing down, including information about the [100] direction with respect to the substrate. In the [011] direction (thin curve) the contribution of x features is negligibly small. Only z features pointing up and y features pointing down are perceptible. The p polarized spectra in figure 9 clearly indicate that the molecular planes are tilted with respect to the substrate surface. Figure 10 shows the results of measurements performed at near normal incidence turning the sample around its surface normal by an angle γ starting with the plane of incidence containing the [011] direction of the substrate. The behaviour of the DiMePTCDI bands can be well described by a cos 2 function as shown in figure 10 . The intensity maxima of y and z features are shifted by an angle of about 90
• with respect to those of the x features. Maxima are observed at angles γ x = 7
• and γ y = γ z = 94
• . The ratios of the maximum and minimum in-plane intensity values are presented in table 3.
With the minimum I ax and maximum values I bx of x features, a coarse evaluation can be performed using the formula given in [32] for the determination of the dichroic ratio D x . The formula derived for transmission spectra is applied here to reflection spectra of a 120 nm thick film showing absorption features similar to those which are characteristic for transmission spectra. We obtain Here the refractive indices n b = 2.11 and n a = 1.62 determined previously by spectroscopic ellipsometry in the near IR range are employed. The a and b directions defined via the minimum and maximum intensity values in figure 10 almost coincide with 
Under the assumptions that the long axes of the molecules are parallel to the sample surface and that the molecules have a good preferential orientation with their long axis parallel to the [011] direction of the sample we can determine in a further approach an average tilt angle θ of the molecular plane with respect to the sample surface from the quotient of D y and D z :
With the quantities from table 3 a tilt angle of θ = 62
• is calculated. The angle is larger compared to that from NEXAFS spectroscopy. Sources of error are the low intensity of IR features, the angular spread of IR light, and the assumption that the x axis of molecules lies parallel to the sample surface.
The angle χ determined from equation (1) should be the same for all x modes. However, with equation (1) different angles χ are calculated from the different dichroic ratios D x of the ring band at 1596 cm −1 and the side-group band at 1692 cm −1 . The deviation is too high to be explainable by the experimental error alone. Further investigations are required for a better understanding.
Raman spectroscopy
PTCDA films exhibit a very weak dependence of the Raman scattered intensity upon the azimuthal rotation of the sample around the substrate normal supporting the in-plane isotropy described in the previous ellipsometry, NEXAFS, and IR spectroscopy sections. For DiMePTCDI the situation is entirely different. First of all the Raman spectra provide evidence for the crystalline nature of films through the presence of external molecular modes (phonons) [33] . The number and frequency positions of these phonons correspond to those detected in a single crystal for which XRD measurements proved a crystalline composition with monoclinic symmetry. Recalling the ribbon-like structure evidenced by AFM it can be concluded that the films are polycrystalline.
Considering the long-range ordering of DiMePTCDI films a quantitative analysis of the polarization dependent Raman spectra will be attempted in the following in order to assess the molecular orientation. For this purpose the 120 nm DiMePTCDI film was rotated clockwise in angular steps of 10
• . A fixed laboratory coordinate system (x, y, z) was defined such that the z axis is parallel with the direction of the incident beam and perpendicular to the sample surface. The x axis was defined to be parallel to the direction of the polarization analyser. The electric field vector of the incident radiation was either parallel to x or perpendicular to it (parallel to the y axis). The laboratory axes coincide with the substrate axes (
• . Two polarization configurations were used for each sample position. In the Porto notation z(x x)z and z(yx)z denote the cases when the incident electric field vector of scattered light is parallel/perpendicular to that of the analysed light (parallel/crossed polarization configuration).
The spectra obtained upon sample rotation are shown in figure 11 . The Raman intensities of A g modes vary with a period of 180
• and 90
• in parallel and in crossed polarization, respectively. The maximum response in parallel polarization for the A g modes takes place when the electric field vectors are parallel to the [011] direction of the substrate (γ = 0
• , 180
• ). This indicates a good ordering of the molecules with a preferred orientation of their x m axis close to the [011] substrate axis, in agreement with the NEXAFS and IR results.
The density functional methods employed for the assignments of vibrational modes served also for determination of the Raman tensor specific for the A g modes:
(γ)/°F igure 12. Experimental (symbols) and simulated (curves) depolarization ratios of the breathing mode at ∼221 cm −1 obtained upon rotation around sample normal with the angle γ for a DiMePTCDI film.
As an example, the tensor components obtained for the lowest frequency internal mode (∼221 cm The twofold Davydov frequency splitting expected due to the coupling of the two molecules in the unit cell is so small for the internal modes of DiMePTCDI that it lies at the experimental detection limit both for Raman and IR active modes. Therefore, any perturbation of the molecular Raman tensor elements induced by intermolecular interactions can be neglected.
A concept widely used in the literature dedicated to quantitative analysis of sample polarization response is the depolarization ratio [34] . This is defined as the ratio between the Raman signals obtained in the crossed polarization configuration to that obtained in the parallel configuration:
The experimental depolarization ratio of the 221 cm −1 mode is shown as a function of rotation angle γ by symbols in figure 12 .
In order to extract the geometrical arrangement of the molecules from the depolarization ratios there are three coordinate systems to be taken into account: molecular (x m , y m , z m ), substrate (x s , y s , z s ), and laboratory (x, y, z). Two consecutive transformations are required to transform the molecular Raman tensor to the laboratory reference. The first orthogonal transformation can be applied using the Euler angles (ϕ, θ, ψ). This method was previously employed by Aroca et al [35] for the Raman study of a highly symmetric molecular system (InPcCl, point group D 4h ). The transformation from the molecular to the substrate coordinate system is described by
where
The molecular Raman tensor will be transformed according to
where R −1 is the transpose of matrix R. The second transformation is from the substrate to the laboratory coordinate system and implies a clockwise rotation around the substrate normal (z s ) with the angle γ .
The corresponding rotation matrix is
and the transformation is described as
The Raman intensity is then calculated as
where e i and e s describe the direction of the electric field vectors for the incident and the scattered light, respectively. A least squares fit of the experimental depolarization ratio was performed using a Levenberg-Marquardt algorithm. The closest match between the calculated depolarization ratios obtained using the one-molecule approximation is represented in figure 12 by the dashed curve. The corresponding set of Euler angles is (ϕ = −70
• , θ = 53
, which means that the molecular plane is tilted with respect to that of the substrate by 53
• , and the angle between the projection of x m onto the substrate plane and the [011] substrate axis is −7
• . This set of angles is very close to those determined from the NEXAFS and IR measurements (see previous sections). However, even though the main maxima of the experimental data are reproduced well, the steep minima and the equality of height of all maxima indicate that a more complex model is required.
Considering the crystalline nature of the film reflected by the presence of phonons, a natural approach would be to consider two non-interacting molecules whose Raman signals add up. The model was constructed such that the angles between the two molecules in the unit cell are maintained close to the angles reported for the single crystal and only the unit cell is rotated with respect to the substrate by changing the Euler angles. The coordinate system of the unit cell (x u , y u , z u ) was chosen such that the x u and y u axes are contained in the (102) crystallographic plane. The molecular planes of the two molecules are tilted with +8
• and −8
• with respect to the (x u y u ) plane, and the long axes of the two molecules are rotated by +18
• and −18
• with respect to the x u axis. The lowest deviation between the calculated and the experimental data is provided by the following set of Euler angles: ϕ = 114
• . This means that the crystal (102) plane forms an angle of 56
• with the substrate plane, and the projections of the long molecular axis deviate from the [011] direction of the substrate by χ 1 = −7
• and χ 2 = −48 • ± 11
• , respectively. It must be noted that in each of the two models the minima of the depolarization ratio should be very close to zero assuming that the scattered light is totally polarized. In order to reproduce the experimental values in the minima the scattered intensities in parallel and perpendicular configurations had to be mixed by a constant factor D:
The parameter D was also optimized during the fitting procedure and for both models the resulting value was D ∼ 0.15. This parameter describes a depolarization in the light scattered by the sample due to the surface roughness [36, 37] , thickness non-uniformity [36] , angular spread of the collected beam [36, 37] , and eventually due to a spread in the orientation of some molecules from the preferential arrangement.
Summary
NEXAFS, IR, and Raman spectroscopies were applied for the determination of the molecular orientation in PTCDA and DiMePTCDI films grown on chalcogen passivated GaAs(100) substrates, and VASE for the determination of macroscopic optical properties displaying the anisotropy due to molecular arrangement on a macroscopic level.
The optical constants of PTCDA determined by VASE in the plane parallel to the substrate plane are rather similar, while much lower values have been determined along the direction perpendicular to it. For DiMePTCDI very large differences were measured along two orthogonal directions in the GaAs substrate plane.
While the PTCDA molecules were found to lie flat on the substrate by means of NEXAFS and previously XRD and IR spectroscopy, a large tilt angle of the DiMePTCDI molecular plane with respect to the GaAs substrate plane and a preferential azimuthal orientation were determined in this work. The tilt and azimuthal angles from NEXAFS, IR, and Raman spectroscopy are summarized in table 4. Figure 13 shows a sketch of the unit cell in the (102) DiMePTCDI crystal plane and the relative orientation with respect to the GaAs substrate. The good agreement between the tilt angles derived from different techniques indicates that each of them is a reliable method. However, the deviation in the azimuthal angle supports the thesis that a one-molecule model is too simple.
The AFM image displaying long-range ordering and the observation of molecular external modes in Raman spectroscopy provide evidence for the crystalline character of the films. Therefore a model taking into account two molecules with relative angular orientation as in a monoclinic crystal is expected to produce more accurate results. Up to now only the Raman data were evaluated with both models. Further analysis of NEXAFS and IR data considering crystallinity will be performed for completing the understanding of molecular orientation in DiMePTCDI/S-GaAs(100) heterostructures.
From the techniques applied, resonant Raman spectroscopy and NEXAFS spectroscopy are best suited to characterizing the molecular orientation in very thin samples (∼1 nm). Thicker samples (∼100 nm) are required for the determination of optical constants by means of Figure 13 . A schematic diagram of the DiMePTCDI unit cell in the (102) crystalline plane (left) and of the relative orientation of the (102) planes with respect to the S-GaAs(100) substrate (right, both defined by the normal direction). Table 4 . Angles defining the orientation of the DiMePTCDI molecules with respect to the SGaAs(100) substrate as determined by the techniques discussed in this work. The angles θ and χ denote the tilt of the molecular plane with respect to the substrate plane and the angle made by the projection of the long molecular axis on the substrate plane with respect to the [011] direction of the substrate. VASE and also for the quantitative analysis of molecular orientation by IR spectroscopy. From the point of view of data evaluation the mathematical formalism for NEXAFS spectroscopy is the simplest. The strength of the Raman model lies in the use of the depolarization ratio which reduces the experimental errors affecting the absolute intensities. However, the weakness of the model is related to the complex formalism employing knowledge of the Raman tensor. The strength of IR spectroscopy lies in the simple detection of anisotropy. With knowledge of the optical constants, the azimuthal angle can be directly derived from the dichroic ratio. Due to the poor access to the direction perpendicular to the substrate surface the accuracy for the IR determination of the tilt angle is relatively low. VASE delivers after a complex evaluation procedure macroscopic optical constants for all directions. From these constants in principle an average molecular orientation can also be calculated using the features assigned to S0-S1 transitions for thicker films with a homogeneous structure.
